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ABSTRACT

The specific heat capacity of the human body is an important value for heat balance analysis in
thermoregulation and metabolism research. The widely used value of 3.47 kJ - kg™" °C”' was
originally based on assumptions and was not measured or calculated. The purpose of this paper
is to calculate the specific heat of the body, defined as the mass-weighted mean of the tissue
specific heat. The masses of 24 body tissue types were derived from high-resolution magnetic
resonance images of four virtual human models. The specific heat values of each tissue type were
obtained from the published tissue thermal property databases. The specific heat of the entire body
was calculated to be approximately 2.98 kJ - kg™" - °C™" and ranged from 2.44 to 3.39 kJ - kg™' - °C”"
depending on whether min or max measured tissue values were used for the calculation. To our
knowledge, this is the first time specific heat of the body has been calculated from the measured
values of individual tissues. The contribution of the muscle to the specific heat of the body is
approximately 47%, and the contribution of the fat and skin is approximately 24%. We believe this
new information will improve the accuracy of calculations related to human heat balance in future
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studies of exercise, thermal stress, and related areas.

Introduction

The human body generally has the ability to sta-
bilize its internal temperature across a range of
ambient temperature values, adjusting physiologi-
cal mechanisms that maintain heat balance
between metabolic heat production and heat loss
to the environment. In studies of human thermo-
regulatory physiology, the derivation of the change
in body heat content is of fundamental importance
to the assessment of thermal responses and status
[1-3]. An important number associated with the
heat content is the average specific heat of the
human body. Specific heat is the amount of heat
per unit mass required to raise the temperature by
1°C. The specific heat value of 3.47 kJ - kg™' - °C™!
has been widely used in heat balance calculations.
However, this value is originally based on assump-
tions [2] and was never measured or calculated.
It is a challenge to measure the specific heat of the
body, as the body consists of multiple tissue types
and the tissue temperatures are inhomogeneous.

Numerous studies have measured or estimated the
thermal properties of individual tissues or organs
[4,5]. The Foundation for Research on Information
Technologies in Society (IT’IS) (https://itis.swiss/)
recently compiled the thermal property data in the
literature, analyzed these data, and created a database
for thermal properties of biological tissues [5]. This
database included the specific heat values of ~100
biological tissue types. The specific heat of tissue
varies significantly, ranging from ~0.7 kJ - kg_1 .
°C™! for tooth (enamel) to 4.2 kJ - kgf1 . °C™ for
eye (sclera).

Masses of 24 body tissue types, which were
derived from high-resolution medical images,
are available [6,7]. Thus, the data required to
determine the specific heat of the body are avail-
able and can be used for calculation. The purpose
of the present analysis was, for the first time, to
quantify the average specific heat of the total
human body using individual tissue values for
mass and specific heat.
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Table 1. Characteristics of anatomical models.

Data pseudonym  Age (years) Sex Height (m) Mass (kg)
Duke 34 Male 1.74 70
Ella 26 Female 1.60 58
Billie 1 Female 1.46 36
Thelonious 6 Male 117 20
Methods

The specific heat of the human body is the average
specific heat of tissues with respect to the masses,
and thus is calculated from the specific heat of
each tissue and its mass by the following equation:

¢, =3 G M

i=1 m

where C,, is the specific heat of the body in kJ - kg™ -
°C”!, i is the tissue index, n is the total number of
tissue types, m; is the tissue mass, and m is the total
body mass.

Twenty-four tissue types of four human bodies
were used for calculation [7]. These tissue masses
were derived from four human models of the
Virtual Family [6]. The Virtual Family consists of
human models created from high-resolution mag-
netic resonance imaging of healthy Caucasian
European volunteers, and the virtual “individuals”

are shown in Table 1. The Virtual Family datasets
are composed primarily of 1 mm voxels, repre-
senting about 80 tissue types. The datasets were
further processed to obtain the masses of 24 tissue
types [7]. Table 2 shows the tissue masses of these
four volunteers.

The thermal properties of body tissue have been
measured or estimated in over 150 studies [4], and
these values have been evaluated, analyzed, and com-
piled in two databases [4,5]. The ITIS database
includes specific heat values for about 100 tissue
types [5] and are used in this calculation. Table 2
shows the specific heat values of 24 tissues. For each
tissue, the specific heat includes the average value,
and the minimum and maximum of source values.

Tissue mass from [7] and tissue specific heat
from [4,5].

Results

We calculated the specific heat of the body from
the mass and specific heat of tissues in Table 2
using Equation (1), and repeated the calculation
three times for each virtual model using the spe-
cific heat values in Table 2: the average, min, and
max values. The results are shown in Table 3.

Table 2. Tissue masses in g (kg - 107%) and specific heat of each tissue in kJ - kg™ - °C"".

Mass (g) Specific heat (kJ - kg™' - °C™")
Tissue/Organ Duke Ella Billie Thelonius Average Min Max
Adipose 11,830 14,256 5363 3605 2.348 1.806 2,973
Adrenals 1 13 9 3 3.513 3.425 3.600
Brain 1373 1324 1248 1313 3.630 3.578 3.682
Colon Wall 535 338 275 225 3.595 3.595 3.595
Eye Lens 0.30 0.33 0.26 0.32 3.133 3.000 3.664
Gall Bladder 19 25 20 8 3.716 3.716 3.716
Heart 752 599 278 257 3.652 3.457 3.812
Kidney 359 269 165 137 3.763 3.653 3.891
Liver 1244 866 871 586 3.540 3.332 3.617
Lungs 2521 1714 900 595 3.886 3.886 3.886
Muscle 33,842 22,291 14,282 6289 3.421 2.624 3.799
Esophagus 56 29 9 1" 3.500 3.500 3.500
Pancreas 70 7 25 1" 3.164 2.822 3.506
Red Bone Marrow 959 302 333 m 2.666 2.666 2.666
Skeleton 7857 5987 5259 2541 1.313 0.826 1.650
Skin 5491 3532 2758 1490 3.391 3.150 3.662
Small Intestine 631 624 405 59 3.595 3.595 3.595
Spleen 147 172 148 129 3.596 3.376 3.724
Testes 18 0 0 3 3.778 3.778 3.778
Teeth 31 23 32 12 1.255 1.255 1.255
Thymus 4 20 30 30 3.043 3.043 3.043
Thyroid 9 13 1 0 3.609 3.609 3.609
Breast 0 583 0 0 2.960 2.960 2.960
Uterus 0 52 20 0 3.676 3.676 3.676
Blood 2438 4261 1559 1185 3.617 3.300 3.900




Table 3. Average specific heat of the body in kJ - kg™' - °C™".

Data pseudonym Average Min Max

Duke 3.028 2.460 3.389

Ella 2.965 2423 3.346

Billie 2.954 2413 3.305

Thelonious 2.972 2476 3.317

Mean 2.980 2.443 3.339
Discussion

The major new finding of the present analysis is that
the specific heat of the body was approximately
298 kJ - kg'' - °C”', and ranged from 2.44 to
334 k] - kg ' - °C”! depending on whether min or
max measured tissue values were used for the calcu-
lation. The value of 2.98 kJ - kg ™' - °C™" is approxi-
mately 17% lower than the widely used and assumed
values of 3.47 kJ - kg_1 .°C™ ' [2]. To the best of our
knowledge, this is the first time values for body
specific heat have been directly calculated according
to the definition in Equation (1), using the most up-
to-date specific heat values of different tissue types.

Our method is novel and calculates the specific
heat of the body from the tissue masses and tissue
specific heat according to the definition of the
body specific heat described in Equation (1).
A calorimeter can be used to measure the specific
heat of individual tissue [4], but not the specific
heat of the whole body. This is primarily because
the calculation of the mean body temperature,
either from the core and skin or from the core,
muscle, and skin temperatures, requires coeffi-
cients that are inconsistent across studies, difficult
to determine accurately, and dependent on the
body thermal status [1,8,9]. In our new method,
the masses of body tissues are derived from the
medical images of volunteers [6,7]. Many specific
heat values in Table 2 were measured and some
were estimated from the tissue composition and
water content [4,5]. Thus, the specific heat deter-
mined by our new method can be considered
a measured value. As heat content is an important
parameter for the assessment of human thermal
status [1,10-16], we believe this new information
will improve the accuracy of calculations related to
human heat balance in future studies of exercise,
thermal stress, and related areas.

The muscle contribution to the specific heat of
the body is approximately 47%; fat and skin con-
tribute approximately 24%, and each of the
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remaining tissue types contribute 7% or less.
Thus, the specific heat of any individual human
body is directly related to body composition. For
example, a study in mice demonstrated that the
specific heat varied with body fat percentage. The
specific heat was 2.65 kJ - kg™' - °C™" for obese
mice with 53% fat and 3.66 kJ - kg™ - °C™" for lean
mice with 8% fat [17]. It was proposed that the
specific heat of the human body was also adjusted
according to fat percentage [18,19]. This indicates
that the body heat content, an important para-
meter in thermoregulation, is related to body com-
position as well. Thus, when calculating the body
heat content, a two-compartment thermometry
model (core and shell) predicted the heat content
more accurately than one-compartment thermo-
metry model [19] and a three-compartment ther-
mometry model (core, muscle, and shell) predicted
the heat content more accurately than a two-
compartment thermometry model [1,8,20]. Since
skeletal muscle contributes almost 50% of the body
specific heat, this tissue should be specifically con-
sidered in the calculation and analysis of the body
heat content or mean body temperature.

Given the fact that the value 3.47 kJ - kg™" - °C™!
has been widely used, it is necessary to analyze the
differences between this value and our new values.
Burton’s paper did not provide tissue masses
required for the calculation of mass-weighted spe-
cific heat but mentioned that the specific heats of
tissues vary from 2.93 kJ - kg™' - °C™' for fat to
a value close to 4.18 kJ - kg_1 .°C™! for blood [2]. If
the blood specific is assumed to be 3.97 kJ - kg ™" -
°C™! (nearly unity 0.95 kcal - kg™' - °C™"), then the
average of the fat and blood specific heats is
exactly 3.47 kJ - kg™' - °C'. In other words,
Burton’s estimation was based on the assumption
that a human body consists of 50% fat and 50%
blood. The specific heats of fat and blood in
Burton’s paper are only slightly higher than the
maximum values in Table 2. Therefore, inaccurate
tissue masses are likely the main reasons for dis-
crepancies between the value 3.47 kJ - kg™' - °C™"
and our values.

Tissue masses determined from medical image
databases make it possible to calculate the specific
heat of the body. In fact, medical image datasets
have been used to develop local and whole-body
thermoregulation models [21-26]. Medical image
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datasets were also used to determine skin thinness
and compartment/layer sizes for thermoregulation
models [7,27]. Therefore, medical imaging provides
an opportunity and necessary data to improve and
enhance research of temperature regulation.

One limiting factor in the present study is that we
included only the four virtual individuals - two
adults and two children. The inter-individual differ-
ence in the specific heat seems to be small, less than
2%, as shown in Table 3. Our goal in future work is
to expand the present analyses to include a larger
population when additional data are available. This
will allow the examination of the relationship
between the body specific heat and individual char-
acteristics, such as fat percentage and lean mass.

Conclusions

In the present study, we calculated the specific heat of
the body according to its definition using masses and
published specific heat values of individual tissue
types. We report here that the specific heat of the
entire body is approximately 2.98 kJ - kg™' - °C”},
with a range of 2.44 to 3.34 kJ - kg ' - °C" depending
on whether min or max measured tissue values were
used for the calculation. The specific heat value calcu-
lated in this study is 17% lower than the widely used
value. The contribution of the muscle to the specific
heat of the body is approximately 47%, and the con-
tribution of the fat and skin is approximately 24%.
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